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Abstract 
For plasma physics experiment, the baking of vacuum vessel (VV) as well as plasma facing components (PFC) of Steady-state 
Superconducting Tokamak (SST-1) is very essential. SST-1 vacuum vessel consists of ultra-high vacuum (UHV) compatible 
sixteen sectors in which U-shaped baking channels are embedded on inner surfaces of each of them. Similarly, PFCs are 
comprised of modular graphite diverters and movable graphite based limiters and stainless steel (SS 304L) tubes are brazed on 
the back plate of PFC for baking. Baking of SST-1 vacuum vessel and plasma facing components are carried out using nitrogen 
gas heating and supply system. SST-1 main vacuum vessel is baked at 150 qC by circulating hot nitrogen gas at 250 qC at 4.5 bar 
gauge (g) pressure through these U-shaped channels. The plasma facing components (PFC) are baked at 250 qC or more in the 
similar fashion by passing hot nitrogen gas through these SS brazed tubes. Thermal analysis shows that the temperature of 150 
qC at the vacuum vessel is achieved within ten hours if hot nitrogen gas is passed at the ramp rate of 50 qC/h while thermal 
shields are maintained at 85 K. It is also observed that the baking of either of them at a given temperature could be possible 
through radiation if one of them is maintained at desired temperature. The vacuum vessel at room temperature could be baked to 
150 qC due to radiation from PFC after 40 hours when PFC alone is baked at 150 qC.  The mass flow rate required to bake SST-1 
vacuum vessel at 150 qC is 1.074 kg/s while that for raising PFCs temperature to 150 qC is 0.57 kg/s. The mass flow rate required 
to bake PFCs at 250 qC is 0.80 kg/s. 
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Nomenclature 
A  Average cross-sectional area of PFC supports (m2) 
ACM   Surface area of CM (m2) 
AGraphite   Surface area of Graphite (m2) 
AVV   Surface area of VV (m2) 
Cp  Specific of VV (J / kg K) 
Cp_Gr  Specific of graphite (J / kg K) 
Cp_Inconel  Specific of Inconel (J / kg K) 
Cp_Cu  Specific of copper (J / kg K) 
dT  Temperature difference between the two ends 
dx  Average length 
Fij  View factor between the radiating surface (i) and receiving surface (j) 
FVV-Graphite View factor of exposed area of VV to Graphite 
k  Thermal conductivity of SS (W/m K) 
L1  Length of radiating surface (m) 
L2  Length of receiving surface (m) 
L3, L4  Crossed string lengths (m) 
L5, L6  Uncrossed string lengths (m) 
m  Mass of VV (kg)   
mf  Mass flow rate of hot nitrogen gas 
mGr  Mass of graphite used in PFCs (kg) 
mInconel  Mass of Inconel studs & nuts used for fixing PFCs (kg) 
mCu  Mass of copper used in PFCs (kg) 
Q  Total heat load due to radiation losses to CM, to PFCs and ramping up (kW). 
Qc(VV-CM) Conduction heat load due to supports from CM to VV (W) 
Qc(VV-PFC) Conduction heat load due to supports from PFC to VV (W) 
Qr(VV-CM)  Radiative heat load from VV to CM (W) 
Qr(VV-Copper) Radiative heat load from VV to PFC copper (W) 
Qr(VV-Graphite) Radiative heat load from VV to PFC graphite (W) 
Qr(VV-PFC) Radiative heat load from VV to PFC (W) 
Qspply  Total heat supplied to raise the temperature of VV (W) 
QVV-CM  Total heat loss from VV to CM (W) 
QVV-PFC  Total heat loss from VV to PFC (W) 
Qramp-rate  Heat supplied to ramp VV temperature to a desired value 
TGraphite   Temperature of Graphite (K) 
TCM   Temperature of CM (K) 
TPFC   Temperature of PFC (K) 
TVV   Temperature of VV (K) 
 
Greek symbols 
HGraphite  Emissivity of Graphite  
HVV   Emissivity of VV  
HCM   Emissivity of CM  
V   Stefan Boltzmann’s constant = 5.67 u 10–8 (W / m2 K4) 
Nu  Nusselt number 
Pr  Prandtl number 
Re   Reynolds number 
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Abbreviation 
 
BVP  Bottom vertical port 
g  Gauge 
G-10  Fiberglass 
ICR  Inter-connecting ring 
IDP  Inboard divertor plate 
IPS  Inboard passive stabilizer plate 
LN2  Liquid nitrogen 
N2  Nitrogen gas 
O2  Oxygen gas 
ODP  Outboard divertor plate 
OPS  Outboard passive stabilizer plate 
PFC  Plasma facing components 
RP  Radial port 
RT  Room temperature 
SS  Stainless steel 
SST  Steady-state superconducting tokamak 
TVP  top vertical port 
UHV  Ultra-high vacuum 
VS  Vessel sector 
VSR  Vessel sector ring 
VV  Vacuum vessel 
 
1. Introduction 
Steady-state Superconducting Tokamak (SST-1) [Pradhan et al. (2010), Pradhan et al. (2012), Saxena et al. 
(2000)] consists of two vacuum chambers namely main vacuum vessel and cryostat [Khan et al. (2013)]. Cryostat is 
high-vacuum chamber which encloses complete superconducting magnet systems [Pradhan et al. (2004), Prasad et 
al.  (2013)], bubble type 80 K thermal shields [Gupta et al. (2010), Pathan et al. (2013), Sonara et al. (2012)] and 
associated supply and return headers. Main vacuum vessel is ultra-high vacuum (UHV) chamber where the plasma 
will be confined. The complete magnet systems are maintained at 4.5 K. In order to protect them from room 
temperature (RT) and high temperature environments, 80 K liquid nitrogen (LN2) thermal shields are provided at the 
outer surfaces of main vacuum chamber and inner wall of the cryostat. All these thermal shields are supported using 
a large numbers of fiberglass based (G-10) insulating supports. The main vacuum vessel of SST-1 tokamak is 
fabricated from SS 304 L materials consists of sixteen numbers of vessel sectors (VS) welded all around to form a 
torus. Each vessel sector is having one vessel sector ring (VSR), one radial port (RP), one top vertical port (TVP), 
one bottom vertical port (BVP) and one inter-connecting rings (ICR). The thickness of vacuum vessel is 10 mm 
while that of the ports is 6 mm. In order to protect the main vacuum vessel from high heat and particle flux, a large 
numbers of plasma facing components (PFC) are mounted inside toroidically all around the chamber using stainless 
steel (SS) supports. These in-vessel PFC are consist of Inboard and outboard divertor plates (IDP & ODP), Inboard 
and outboard passive stabilizer plates (IPS & OPS), Baffles and Limiters [Chaudhuri et al. (2013), Jacob et al. 
(1996), Pragash et al. (1996)], as shown in Fig. 1. During cool down phase and plasma operations, the vacuum 
chamber will be maintained at room temperature (RT) under evacuated condition to avoid the cool down of vessel 
towards low temperature which in principle can cause the thermal contraction of the vessel resulting to the cracks 
around the torus welding.  Also the vacuum chamber and all in-vessel components will be heated at 120 qC for 
several days to attain ultra-high vacuum (UHV) environment for plasma operation as a protocol and requirement. All 
these PFCs will also be baked up to 250 qC or more according to experimental demands. 
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Fig. 1. Schematic view of SST-1 machine showing different components. 
 
The scheme for baking the vacuum vessel and PFC is described in Section–2 while the net heat load estimation 
is described in Section–3. The net mass flow requirements are given in Section–4 followed with ANSYS analyses of 
the vacuum vessel and PFC temperature profiles are described in Section-5. 
2. Baking scheme for vacuum vessel and PFC 
In order to bake the vacuum vessel, U-shaped channels (16 mm u 8 mm) of 2 mm thickness are welded on the 
inner surface of vacuum vessel. The layout of one section of VS is shown in Fig. 2. Each vessel sector has 
diagonally arranged two supplies and two return headers which are connected in parallel to the main header of hot 
nitrogen gas heating and supply system [Khan et al. (2013)]. The different kinds of bends and their numbers of a 
given VS are tabulated in the table 1. 
 
Table 1. Numbers of different kind of bends of each vessel sector baking layout. 
Sr. No. Baking paths 
No of bends of different kinds 
Path length (m) 
Miter 90q Interconnecting Closed loop 
1 Radial port (right side + top) 4 6 -- -- 2.89 
2 Radial port (left side + bottom) 4 6 -- -- 2.89 
3 Top vertical port (Path – 1) 11 5 -- -- 2.84 
4 Top vertical port (Path – 2) 8 2 -- -- 2.71 
5 Bottom port (Path – 1) 11 6 -- -- 2.84 
6 Bottom port (Path – 2) 8 2 -- -- 2.71 
7 Inter-connecting ring (ICR) 2 0 2 2 5.98 
8 Vessel sector ring (VSR) 5 -- -- -- 2.47 
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Fig. 2. Schematic baking channel layout of vessel sector and ports. 
 
In a similar configuration, all PFC modules are connected to the heating system for baking. PFCs components 
are made in modular form for easy assembly inside the vacuum vessel. These are fabricated from graphite tiles 
mechanically attached to a back plate made up of copper alloys and stainless steel tubes are brazed in the grooves on 
these back plates as shown in Fig. 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. 3-D view of one of PFC module showing layout of cooling tube brazed on the Copper back plate. 
 
Baking of the vacuum vessel and PFC are carried out in a controlled manner by flowing hot N2 gas at the 
required temperature through the respective paths in a closed loop. Also the vacuum vessel can be baked by thermal 
radiation provided the PFC is baked at higher temperature than the required vessel baking temperature of 150 qC. 
Similarly PFC can be baked by thermal radiation from vessel if its baking temperature is equal to or lower than 
vessel baking temperature. During the baking, the temperature ramp rate of vacuum vessel shall be optimally 
considered. It will not be too low so that very long time duration is needed to achieve the desired vessel temperature. 
Also, it should not be too high leading to a localized heating and resulting unacceptable stress development in the 
vessel sectors. Considering the above factors, the temperature ramp-ups of 20, 30, 40 and 50 qC/h are suitable for 
the baking. Similarly PFC baking can be carried out with identical ramp-up durations. 
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3. Heat load estimation  
The vacuum vessel and all in-vessel components are maintained at RT while LN2 thermal shields are 
maintained at 85 K throughout cool down campaign. Maximum temperature up to which the vessel will be baked is 
425 K.  Since the cryostat is maintained at very low pressure < 1.0 u 10–4 mbar, the heat loss due to convection are 
negligible. The heat loss from vacuum vessel to the cold mass will be due to (a) conduction from the supports (~ 
2700 nos.) of thermal shields and (b) due to radiation from the hot surface. The net conduction heat load due to these 
supports is Qc(VV-CM) = 0.5 kW. Since the view factor between the vacuum vessel and the cold mass is one, the 
maximum heat loss from the vacuum vessel to cold mass due to radiation can be written as  
                            
(1) 
 
 
where,  V = 5.67 u 10–8 (W / m2 K4) is Stefan Boltzmann’s constant, AVV = 69.69 m2 is the surface area of the vessel 
surface (hot surface), ACM = 63.18 m2 is the surface area of the shield surface (cold surface), HVV = 0.4 is the 
emissivity of the vessel surface, HCM = 0.2 is the emissivity of the shield surface, TVV = 425 K is the temperature of 
the vessel surface and  TCM = 80 K is the temperature of the shield surface. 
The maximum heat loss from the vacuum vessel to the thermal shield is Qr(VV-CM) = 18.0 (kW).  Thus, the steady 
state heat loss from the vacuum vessel to the thermal shield is QVV-CM = Qr(VV-CM) + Qc(VV-CM) = 18.5 (kW).  
Further, during the temperature ramp-up phase of vacuum vessel, there is a heat loss to all the in-vessel (PFC) 
components by the thermal radiation and conduction through PFC supports. The temperature ramp-up of the vacuum 
vessel is represented as 
CT
CTRT
dt
dT
VV
VV
VV
0
0
150for0
150forConstant
t 
d                               (2) 
The temperature rise of PFC components can be calculated from the equation 
  )()(___ PFCVVcPFCVVrPFCInconelpInconelGrpGrCupCu QQdtdTCmCmCm                                           (3) 
where mCu = 3893 (kg) is the mass of copper used in various PFCs components, mGr = 842 (kg) is the mass of 
graphite used in various PFCs components, mInconel = 242 (kg) is the mass of inconel studs and nuts used for fixing 
PFCs components, Cp_Cu = 385 (J / kg K) is the specific heat of copper, Cp_Gr = 707 (J / kg K) is the specific heat of 
graphite, Cp_Inconel = 444 (J / kg K) is the specific heat of Inconel, dTPFC / dt = Rate of rise of temperature of PFC, 
Qr(VV-PFC) = Qr(VV-Graphite) + Qr(VV-Copper) is the radiated heat load on PFC from   vacuum vessel and Qc(VV-PFC) = 
conduction heat load on PFC due to 128 numbers of support structures. 
Since the copper plates are directly viewed by the vacuum vessel, the radiated heat load on the copper plates 
Qr(VV-Copper) is calculated using equation (1) while the radiated heat load on the graphite tiles Qr(VV-Graphite) is 
calculated by determining the exposed area mutual to each other. This mutual exposed area can be represented by 
the view factors indicating the proportion of radiation leaving a surface and reaching some other specified surface 
by direct radiation transport. 
The view factor between two surfaces exchanging radiation can be calculated from the Cross-String Method 
[Hagen (1999)] given by 
    
 isurfaceonstring
stringsuncrossedstringscrossed
Fij u
 ¦ ¦
2
                                                      (4)     
 
where the notations used in equation (4) are explained in Fig. 4.  
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Fig. 4. The notations for finding view factors for crossed string method. 
 
 
The direct line of sight of vacuum vessel to PFC modules and vice versa are shown in Fig. 5. The string lengths 
of the vacuum vessel and different PFC components along with the view factors for each of them and the exposed 
areas between vacuum vessel and PFC are given in table 2 and table 3. Considering the view factor, the heat loss 
from the vacuum vessel to the graphite surface of PFC modules can be calculated by using the equation given by 
             
        (5) 
 
 
where, AVV is the radiating area of vacuum vessel exposed to the graphite surface, AGraphite is the receiving area of 
graphite surface of PFC exposed to vacuum vessel, FVV-Graphite is the view factor of exposed area, TVV is the 
temperature of the vessel surface, TGraphite is the temperature of the graphite surface, HVV = 0.4 is the emissivity of the 
vessel surface and Hgraphite = 0.9 is the emissivity of the graphite surface. 
 
Table 2. The view factor, crossed and un-crossed lengths between vacuum vessel and each PFC module during vessel baking. 
Sr. 
No. 
PFC 
Module 
Exposed 
Area (AVV) 
of Vacuum 
Vessel (m2) 
Exposed Area 
(AGraphite) of 
graphite face 
of PFC (m2) 
Radiating 
surface 
length (m) 
Crossed length 
(m) 
Un-crossed length 
(m) View factor 
(FVV-PFC) 
L1 L3 L4 L5 L6 
1 IDP 6.384 1.936 0.397 1.238 1.362 1.109 1.469 0.028 
2 ODP 0.96 6.096 0.371 0.241 0.318 0.264 0.098 0.265 
3 IPS 7.42 1.344 0.460 1.095 1.372 1.420 1.027 0.022 
4 OPS 3.00 6.096 0.211 0.710 0.545 0.533 0.630 0.218 
5 Baffle 3.914 3.104 0.168 1.225 1.259 1.279 1.189 0.048 
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Table 3. The view factor, crossed and un-crossed lengths between vacuum vessel and each PFC module during PFC baking. 
Sr. 
No. 
PFC 
Module 
Exposed Area 
(AGraphite) of 
graphite face of 
PFC (m2) 
Exposed 
Area (AVV) 
of Vacuum 
Vessel (m2) 
Radiating 
surface length 
(m) 
Crossed length 
(m) 
Un-crossed length 
(m) 
View 
factor 
(FPFC-VV) 
L1 L3 L4 L5 L6 
1 IDP 1.936 6.384 0.190 1.238 1.362 1.109 1.469 0.058 
2 ODP 6.096 0.96 0.145 0.241 0.318 0.264 0.098 0.679 
3 IPS 1.344 7.42 0.117 1.095 1.372 1.420 1.027 0.085 
4 OPS 6.096 3.00 0.346 0.710 0.545 0.533 0.630 0.133 
5 Baffle 3.104 3.914 0.146 1.225 1.259 1.279 1.189 0.055 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The direct line of sight between vacuum vessel and PFC modules. 
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Further, since the temperature of the vacuum vessel and PFC gets changed after longer time period due to the 
baking configuration of both vacuum vessel and PFCs, the heat load on PFC due to conduction through the supports 
can be conceded as steady state heat transfer case for such interval and thus can be calculated from the steady state 
equation given by 
dx
dTAkQ PFCVVc   )(                           (6) 
where k = 16.3 (W / m K) is the thermal conductivity of stainless steel (SS 304 L), A = 0.011 (m2) is the average 
cross-sectional area of 128 supports,  dT = Temperature difference between the two ends, dx = 0.21 (m) is the 
average length of the supports. 
Since the heat load due to conduction from PFC supports is very small as compared to the radiation heat load, 
the conduction heat load can be neglected. Thus, the temperature rise of PFC is due to the radiation only, which is 
calculated using equations (1), (2), (3) and (5) for the different vacuum vessel temperature ramp-rates without any 
additional PFC heating. During ramp-rate of vacuum vessel, the temperature of PFC will increase sequentially i.e. in 
every hour the temperature of PFC will increase with respect to the increase in vacuum vessel temperature. Hence in 
each step, the final temperature of PFC will become initial temperature for next step. Based on this aspect, the entire 
calculation is carried out as shown in Fig. 6. This figure shows that PFC can achieve the approximate temperature of 
150 qC due to radiation from vacuum vessel within 50 hours of heating.  
Similarly the vacuum vessel can be baked up to 150 qC due to radiation from PFC when PFC alone is baked 
while vacuum vessel is maintained at room temperature followed with thermal shields at 80 K. The temperature rise 
of the vacuum vessel due to radiation for the different PFC temperature ramp-rates is shown in Fig. 7(a). This figure 
shows that the vacuum vessel can achieve the approximate temperature of 150 qC due to radiation from PFC within 
40 hours of baking. Further it is observed that the temperature of the vacuum vessel can reach to 150 qC within 8 
hours of baking of PFC at 250 qC with maximum ramp rate of 50 qC/h as shown in Fig. 7(b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Temperature rise of vacuum vessel and PFC with time when the vacuum vessel alone is baked up to 150 qC. 
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Fig. 7. Temperature rise of PFC and vacuum vessel with time when (a) PFC alone is baked at 150 qC and VV at RT, (b) PFC alone is baked at 
250 qC and VV at RT. 
4. Mass flow requirement  
For baking of vacuum vessel, internal baking layout as shown in Fig. 3 is preferred due to the constrains like 
space availability and the mounting of thermal shields over the outer surface of the vacuum vessel to protect 
superconducting TF coils from radiation. For such baking option, the gases like oxygen (O2), nitrogen (N2), Air or 
water could have been used as a heating medium. N2 gas Greenwood (1984) is preferred due to the following 
advantages over other gases like (a) non-corrosive and non-toxic nature, (b) non-combustible and non-supporting of 
combustion and (c) does not combine with other gases under ordinary conditions.  
Further in order to raise the temperature of vacuum vessel from room temperature (RT) to 150 qC with the 
different ramp-rates as discussed above, the amount of heat required during ramp rate can be calculated from the 
equation given by 
dTCmQ prateRamp                                   (7) 
where m = 4100 (kg) is the mass of the vacuum vessel, Cp = 510 (J / kg K) is the specific heat of stainless steel and  
dT is the temperature difference between initial and final temperature of the vacuum vessel during ramp-up. 
Thus, the mass flow rate of N2 gas required for baking of vacuum vessel is calculated from the equation given 
by 
dTCmQ pfply  sup                                 (8)   
 
where Qsupply = QVV-CM + QVV-PFC + QRamp-rate is the heat supplied by gas to raise the temperature of vessel from 30 
qC to 150 qC, mf is the mass flow rate of N2 gas, Cp is the specific heat of N2 gas at a given bulk mean temperature 
of the gas and dT is the temperature difference between the gas inlet and outlet temperature. 
Bulk mean temperature of the gas is the average of inlet and outlet temperature of the gas. For enhanced heat 
transfer, the inlet temperature of the gas is considered 60 qC more than the required vessel temperature, while gas 
outlet temperature is considered 10 qC above the vessel temperature such that the temperature difference between 
inlet and outlet of gas could be maintained at 50 degree. Using equation (8), the mass flow rates of nitrogen gas for 
the above heat loads including the different ramp rates are given in table 4.  
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Table 4. Mass flow rates of nitrogen gas for the different heat loads at 4.5 bar (g) for baking of the entire vacuum vessel. 
 
 
 
 
 
 
 
 
* For mass flow rate calculation, Cp of N2 gas is considered at bulk mean temperature of 185 qC.  
 
Thus the mass flow rate of 1.074 kg/s of hot nitrogen gas at 4.5 bar (g) is required to maintain VV at 150 qC. 
Similarly, under the condition that there is only a radiation loss to VV and VV is at RT when 80 K thermal shields 
are under cold condition, the mass flow rate of 0.57 kg/s is required to maintain PFCs at 150 qC while 0.80 kg/s is 
required to main PFC at 250 qC at 4.5 bar (g) pressure. These conditions are achieved only when the hot nitrogen 
gas is passed with a ramp rate of 50 qC/h. 
5. ANSYS analysis for temperature profile: 
Thermal response of each VS is investigated through finite element analysis using ANSYS [ANSYS Inc. 
(2009)] and the modeling is carried out by applying the heat transfer co-efficient along the baking channels of the 
vacuum vessel, which are used for heat transfer to the vessel surfaces. This heat transfer coefficient is calculated 
using Reynolds number (Re), Prandtl number (Pr) and Nusselt number (Nu). The heat transfer co-efficient of hot 
nitrogen gas in each VS path is given in table 5. The vacuum vessel temperature profile throughout the entire surface 
for steady state condition of 150 qC is shown in Fig. 8. The temperate profiles of the some vessel parts with respect 
to time are also shown in Fig. 9(a) to (e). Fig. 9 shows that the saturation temperature of 150 qC could be reached 
after 10 hours of baking. Also it is observed that Top vertical port reaches 150 qC within 5 hours of baking while 
Radial port reaches 150 qC within 25 hours of baking due to conduction heat transfer through ideal ICR. 
 
Table 5. Heat transfer co-efficient along vessel sector paths. 
Sr. No. VS paths Mass flow rate (kg/s) Heat transfer co-efficient (W / m2 K) 
1 Radial port (right side + top) 0.00409 227.01 
2 Top vertical port (Path – 1) 0.00511 271.27 
3 Top vertical port (Path – 2) 0.00871 415.61 
4 ICR 0.0131 434.93 
5 Radial port (left side + bottom) 0.00293 95.16 
6 Bottom port (Path – 1) 0.00879 418.28 
7 Bottom port (Path – 2) 0.00929 437.61 
8 VS 0.0161 142.94 
Temperature of 
the gas (C) Ramp rate temperature (C) 
Heat loads Q (kW) Mass flow rate* 
mf (kg/s) Inlet Outlet QVV-CM QVV-PFC Qramp-rate Total 
210 160 
20 
18.5 
8.24 11.62 38.35 0.731 
30 8.58 17.43 45.50 0.848 
40 8.74 23.23 50.48 0.962 
50 8.82 29.04 56.36 1.074 
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Fig. 8. Temperature profile of vacuum vessel after baking for 20 hours. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9: Temperature profiles of (a) RP surfaces, (b) ICR surfaces, (c) TVP surfaces and (d) BVP surfaces with respect to time from ANSYS. 
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